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A microfluidic device was developed to precisely transport a single cell or multiple
microbubbles by introducing phase-shifts to a standing leaky surface acoustic wave
(SLSAW). The device consists of a polydimethyl-siloxane (PDMS) microchannel
and two phase-tunable interdigital transducers (IDTs) for the generation of the rela-
tive phase for the pair of surface acoustic waves (SAW) propagating along the oppo-
site directions forming a standing wave. When the SAW contacts the fluid medium
inside the microchannel, some of SAW energy is coupled to the fluid and the SAW
becomes the leaky surface wave. By modulating the relative phase between two
IDTs, the positions of pressure nodes of the SLSAW in the microchannel change
linearly resulting in the transportation of a single cell or microbubbles. The results
also reveal that there is a good linear relationship between the relative phase and the
displacement of a single cell or microbubbles. Furthermore, the single cell and the
microbubbles can be transported over a predetermined distance continuously until
they reach the targeted locations. This technique has its distinct advantages, such as
precise position-manipulation, simple to implement, miniature size, and noninvasive
character, which may provide an effective method for the position-manipulation of
a single cell and microbubbles in many biological and biomedical applications.
© 2011 American Institute of Physics. [doi:10.1063/1.3652872]

1. INTRODUCTION

Precise transportation of a single cell is crucial in various areas of biomedical research,
including molecular biology,l’2 biochemistry,3’4 and biophysics.s’6 The ability to move cells pre-
cisely to a desired location would make it easier to transfect a single cell, change its gene
expression, investigate its heterogeneity, and study the interaction between individual cells. The
manipulation of single cell presents a variety of challenges. The critical requirement for the
single cell manipulation technique is its accuracy and reproducibility to transport the cell to a
targeted location. Meanwhile, cells must be handled gently and their viability has to be main-
tained; any mechanical perturbation to their biochemical pathways and molecular integrity has
to be minimized.

To date, a variety of approaches have been adopted to transport cells in a microfluidic
device.”"? For instance, optoelectronic tweezers provide a high-resolution in transporting cells,
but they require intricate optical setup, which is difficult to be integrated with a microfluidic de-
vice.” Electrokinetic pumping is widely used in controlling fluid flow in microfluidic devices,
and thus may serve as an alternative solution to transport the cells. However, the high electric
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field may induce heating, which may cause strong adverse effects on cell viability, especially
when dealing with the mammalian cells.'®> Techniques based on magnetic fields allow low
power consumption to transport cells, but the attachment of magnetic beads to cells is the pre-
requisite for such methods which involve sophisticated techniques.'* Accordingly, there is
needed to develop other new methods for single cell position manipulation which should meet
multiple requirements: precise, easy to implement, and noninvasive.

The usage of acoustical method as a non-contact cell manipulation technique has generated
great interest.'>° The acoustic method can handle bioparticles regardless of their surface
chemistry or charge properties, which may provide a potentially promising approach to manipu-
late a single cell. Available methods for controlling the transportation of bioparticles based on
bulk waves are realized mainly by switching/changing the relative phase,>' resonant mode,**
and actuation frequency.”> However, the manipulation of nanoscale particles usually requires
high frequency of waves for the wavelength need to be comparable to the size of the particle
and the attenuation of the bulk acoustic wave in liquid is proportional to square of frequency*.
Part of the loss becomes temperature rise of the medium and the associated thermal conduction
irreversibly while part of it may be converted to streaming of the medium. The energy loss par-
ticularly of the former reduces the amount of acoustic energy converted to the kinetic energy of
the particles inside the microchannel and makes the system less suitable to operate at a higher
frequency as required for the manipulation of nanoparticles. In addition, difficulties in miniatur-
ization and integration of the bulk wave device based on piezoelectric ceramics (PZT) have
limited the potential applications of emerging microfluidic systems.

Recently, surface acoustic wave (SAW) based microfluidics have been proven to be more
suitable for a variety of biomedical applications,”>? because its localization of the energy near
the substrate surface leads to high energy density along the surface, the great design flexibility
of the transducer is readily operated at a high frequency, and the utilization of micro-elec-
tronic-mechanical system (MEMS) technology has the advantage in miniaturization and integra-
tion. Li er al. demonstrated the concentration of cells suspended within a droplet by acoustic
streaming.> Franke et al. showed a rapid cell-sorting scheme, directing the cells in a continu-
ous flow at high sorting rates.** However, applications of acoustic streaming to manipulate cells
have been shown that it is difficult to transport cells over a predetermined distance and position
them to a precise location. Shi et al. used acoustic radiation force to retain the cells at the pres-
sure nodes in a standing SAW (SSAW) field.>> Nevertheless, the acoustic pressure nodes or
antinodes inside the microchannel are stationary, which fails to transport cells to desired
positions.

In this paper, we present a microfluidic device that can provide a precise and simple means
to transport an individual cell and multiple microbubbles. The basic principle is based on intro-
ducing a phase-shift to standing leaky surface acoustic wave (SLSAW). The position of the
pressure nodes varies linearly with the phase difference of the electric voltages applied to two
identical interdigital transducers (IDTs). Furthermore, the experimental results show that both
cells at the individual-level and microbubbles at the group-level could be transported over a
predetermined distance continuously and reach desired targets.

Il. METHODS AND MATERIAL
A. Working mechanism

The mechanism of transportation of cells based on phase-shift with SLSAW is illustrated
in Fig. 1. The microfluidic device consists of a polydimethyl-siloxane (PDMS) microchannel
located symmetrically between two identical IDTs which form a pair of SAW generators.
When applied the same electrical signal to the two IDTs, the piezoelectric substrate begins to
vibrate, and SAW can be generated. As shown in Fig. 1(a), when the SAW reaches the micro-
channel filled with a liquid (water), mode conversion takes place; Rayleigh waves will be
converted to the leaky SAW (LSAW) along the surface and two beams of bulk acoustic (longi-
tudinal) waves (BAW) in the fluid. After mode conversion, part of energy of the SAW will
convert to BAW, and the rest of acoustic energy lies in the LSAW. The BAW propagates along
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FIG. 1. (a) Schematic of the interaction of the Rayleigh wave with the fluid medium. (b) Schematic of the transportation of
cells by introducing the phase-shift to a standing wave. Varying the relative phase between the input signals, the pressure
nodes translate correspondingly, leading to the transportation of the cells.

the Rayleigh angle O = sinfl(cw/cs) = sin71(1490/3900) =22.5° in the liquid. When the height
of microchannel is much smaller than the wavelength of SAW, most energy of the SAW still
lies in the form of LSAW.?® The displacement of LSAW decays exponentially along the posi-
tive y direction in the liquid medium, and the energy of the LSAW is confined along the x axis
direction. Due to the velocity of the SAW and LSAW are near equal, the wavelength of the
LSAW is approximately equal to that of the SAW at the same excitation frequency. The super-
position of the two LSAW travelling in opposite directions along the x axis generates a stand-
ing wave. As a simple mathematical model by neglecting the damping, the acoustic pressure of
the standing wave may be expressed by

P = Py cos(wt — kx 4 @) + P cos(wt + kx)
= 2Pgcos(wt + ¢/2) cos(kx — ¢/2), (1)

where Py, k,w correspond to pressure amplitude, wave number, angular frequency of the
LSAW and ¢ is the relative phase between the LSAW.

The particles suspended in fluid experienced the acoustic radiation force in the standing
wave can be described as’’

2
F=- (%) ®(f, p) sin(2kd), ®
5p.—2
o(p. p) :H—g— 3

Here, ®(f, p) describes the relationship of density and compressibility between the particle
and the medium, which plays a role in determining the direction of the radiation force. If
®(f, p) > 0, the particle will be forced to the pressure nodes; otherwise, it will be moved to
the pressure antinodes. Here, A, V. are the wavelength, and the volume of the particle, respec-
tively; the densities of the particle and the medium are denoted by p, and p,,, and the corre-
sponding compressibility 5. and f,,, respectively, d is the distance between the particle and the
nearest pressure nodes.

In one-dimensional SLSAW, the cells assemble at the pressure nodes resulting in a pattern
of series of lines for ®(f, p) > 0. Varying the relative phase between the excitation voltages,
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the position of the pressure nodes of the SLSAW can be translated correspondingly [Fig. 1(b)].
The relationship between the linear translation Ax of the pressure nodes and relative phase ¢
can be given by

1
AY =279 = 7200

@ @ €[0°360°]. 4)

This expression indicates that the position of the pressure nodes in x-direction varies line-
arly with the ¢. The pressure nodes can be transported with the distance of half a wavelength
when ¢ changes from 0° to 360°. When ¢ changes from 0° to 180°, the places where originally
are pressure antinodes become nodes and the pressure nodes become antinodes again as the
change of ¢ from 180° to 360°.

B. SAW-PDMS microfluidic device

The single cell manipulation device is a bonded device including a PDMS microchannel, a
pair of SAW generators, and a printed circuit board (PCB), as shown in Fig. 2. The PDMS
microchannel was fabricated by standard photolithography procedures. The microchannel had a
width of 200 um and a height of 50 um. The SAW generator was fabricated by deposition of al-
uminium layer (200nm thick) on a 128° Y-rotated, X-propagating LiNbO; substrate (I mm
thick). The electrode spacing was 100 um, generating a SAW with a wavelength of 200 um at a
resonance frequency of 19.8 MHz. Both edges of substrate were coated with sound absorber
material (synthetic resin) to reduce the interface reflections. The PCB, with a rectangular-
shaped hole in the centre, was glued to the SAW generator by sound absorber material for sup-
plying the input power. Oxygen plasma treatment for both PDMS microchannel and substrate
surface activation was carried out at a flow rate of 50 sccm and a power of 150 W. Then, the
PDMS microchannel was precisely mounted on the alignment markers of the substrate to ensure
the microchannel was perpendicular to the acoustic propagation. A post-bake process at 80°C
for 30 min was conducted to improve the bonding strength.

C. Sample preparation

To demonstrate the transportation performance of the microfluidic device at the group-level
and individual-level, respectively, the microbubbles and the single human breast cancer cell
were used in the experiments. The microbubbles composed of octafluoropropane (C;Fg) gas
encapsulated by a phospholipid shell were in-house fabricated by the mechanical agitation
method.” The mean diameter of the microbubbles was 0.87 um with a standard deviation of
0.53 um, and 78.38% microbubbles had diameters less than 1 ym measured by the particle size
analyzer (AccuSizer 780, Particle Sizing Systems, Santa Barbara, CA). The cells (human breast
cancer cell lines MDA-MB-453) were purchased from Shanghai Institutes for Biological Scien-
ces, Chinese Academy of Sciences. Both the microbubbles and cells were labeled using the
lipid-binding fluorescent carbocyanine dyes Dil (Sigma-Aldrich). Cell viability was assessed by

Soundabsorbing pcp
material , A

FIG. 2. Photograph of the microfluidic device. Inset: The finger pairs of the IDT on the substrate.
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calcein acetoxymethyl ester (Calcein AM) and propidium iodide (PI) uptake. Calcein AM is
taken up and cleaved by esterases present within living cells, yielding green fluorescence,
whereas PI is only taken up by dead cells, which become red fluorescent.

D. Experimental system

The performance of the bonded device was recorded by a CCD camera mounted on a fluo-
rescence microscope (Eclipse 50i, Nikon, Japan). Two independent continuous sinusoidal sig-
nals were generated by a dual-channel arbitrary signal generator (AFG3102, Tektronix, USA)
without any amplifiers, transmitted by two identical signal cables, and then applied to both
IDTs separately. The applied voltage to each IDT in all experiments was held constant at peak-
to-peak amplitude of 10V providing a driving power of 60 mW measured by a signal analyzer
(FSQ40, Rohde & Schwarz, Germany). The microbubbles and cells were driven into the micro-
channel by a syringe pump (Top-5300, Top Syringe Pump, Japan).

lll. RESULTS AND DISCUSSIONS
A. Manipulation of microbubbles

To investigate the performance of the device at the group-level, a large number of micro-
bubbles (6.8 x 10% bubbles/ml) with red fluorescence were injected into the microchannel at a
flow rate of 5 ul/min. The microbubbles moved rapidly along the z direction by the pressure
driven flow, as shown in Fig. 3(a). When both IDTs were excited by two identical input signals,
the microbubbles began to aggregate immediately [Fig. 3(b)]. After about 10s, the microbub-
bles were aligned in a straight line and the fluorescence intensity increased as the number of
the aligned microbubbles increases [Figs. 3(c)-3(d)]. When the ¢ was set to 100°, the micro-
bubbles moved to the negative direction along the x axis for some distance [Fig. 3(e)]. Then,
by continuous adjusting the ¢ to 200°, the microbubbles kept on moving towards the bottom
wall of the microchannel for the same increment of distance [Fig. 3(f)]. In contrast, decreasing
the ¢ to 100°, the microbubbles moved in an opposite direction [Fig. 3(g)], and the microbub-
bles could return back to the initial position by further decreasing ¢ to 0° [Fig. 3(h)]. A real-
time video showing the transportation of the microbubbles is provided (see Fig. 3).

As shown in Fig. 3, the microbubbles move almost the same distance at every variation of
the phase-shift Ap of 100°. To quantitatively evaluate the displacement of microbubbles,
IMAGE] software (NIH, Bethesda, MD) was used to measure the transportation distance based
on optical image sequences. The average transportation distance of each time is
25.8 £ 1.41 um, which agrees well with the theoretical value (27.8 um). Moreover, if Ap >0,

?=100 Ap =100l =200 Ap=100llp =100  Ap=-100

FIG. 3. A movie illustrating the continuous transportation of microbubbles (red fluorescence) under input power =60 mW
actuation at a flow rate of 5 ul/min. The alignment of the microbubbles was observed in x-z plane of the microchannel
(a-d). The alignment position of microbubbles was varied by changing the relative phase (e) ¢ =100°, (f) ¢ =200°,
(g) ¢ =100°, (h) @ =0° (enhanced online) [URL: http://dx.doi.org/10.1063/1.3652872.1].
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FIG. 4. The transportation velocity of the microbubbles verse relative phase at various input power. The microbubbles
were transported from the location where ¢ = 0° to the place where ¢ =30°, 60°, 90°, 120°, and 150°, respectively.

the microbubbles moved along the negative x-axis direction; while Ap <0, the microbubbles
moved towards the positive x direction. Thus, the displacement and the movement direction are
entirely dependent on the ¢ and Ag. For a constant ¢, the position of the microbubbles is
almost the same, which ensures a favourable reproducibility.

The acoustic radiation force on the microbubbles changes sinusoidally with the distance
between the microbubbles and the pressure nodes.’* Once the position of the pressure nodes
changes by introducing a phase shift, the acoustic radiation force that the microbubbles experi-
enced varies correspondingly, which is the reason for generating a translational motion. As
shown in Fig. 4, the transportation velocity increases with the change of ¢ from 30° to 90° and
then decreases when ¢ changes from 90° to 150°; the maximum average velocity can be
attained by adjusting the ¢ to 90°, which shows the relationship between the transportation ve-
locity versus relative phase is similar to that between the acoustic radiation force versus relative
phase. In addition, the magnitude of acoustic radiation force is proportional to the input power.*’
It is possible to investigate the relation between the input power and the velocity to reveal the
relation between the acoustic radiation force and the velocity. Fig. 4 shows the transportation ve-
locity increases with the increase of the input power. The maximum average velocity of the
transportation is approximately 465 um/s, which means it would take less than 0.1s to translate
the distance of one-quarter wavelength. It is observed that the response time of the realignment
is almost instantaneous, which seemed to enable the real-time dynamics of manipulation.

B. Manipulation of single cell

The human breast cancer cell of MDA-MB-453, a typical model of cancer cells, was
selected to characterize the transportation performance of the device at the individual-level. An
almost spherical shape of single MDA-MB-453 cell with a diameter of about 10um was
infused into the microchannel (dashed lines). When there was no phase shift, the cell was
retained to the pressure node in the centre of the microchannel, as shown in Fig. 5(a). Setting
the value of ¢ to —100°, the cell moved towards the positive direction of x-axis for a distance
of 27.6 um [Fig. 5(b)]. While adjusting the value of ¢ to —150°, the cell kept on moving in the
positive x direction, but the distance of transportation was reduced to a half value correspond-
ingly, about 13.9 um [Fig. 5(c)]. Then, making ¢ to —50°, the cell moved toward a position
closer to the initial position [Fig. 5(d)]. Finally, the ¢ was further reduced to 0°, the cell went
on moving in the negative x direction and returned back to the location where it started
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FIG. 5. A movie illustrating the continuous transporting the single cell (red fluorescence) in the microchannel (dashed lines)
under input power =60 mW actuation by varying the relative phase of (a) 0°, (b) —100°, (c) —150°, (d) —50°, and (e) 0°.
The displacement of the single cell in (c)and (e) is half of the displacement in (b) and (d). Through a series of manipulation,
the single cell can return back to the initial position (enhanced online) [URL: http://dx.doi.org/10.1063/1.3652872.2].

[Fig. 5(e)]. A real-time video showing the transportation of the single cell is provided (see
Fig. 5).

Further experiments were carried out to investigate the displacement of the single cell as a
function of ¢. Fig. 6 shows the experimental data of the average displacement in the x-direction
at various ¢, and the red line represents the fitting curve of the experimental points. It can be
seen that there is a fairly good linear relationship between the displacement and the relative
phase, which agrees well with the results predicted in Eq. (4).

It is known that ultrasound has thermal and mechanical effects and many studies have
shown that the ultrasound wave with low acoustic pressure will not influence the viability of
the cell, even in long-term manipulation.*'**> The thermal effect is induced by absorption of the
mechanical oscillation, which may potentially influence the cell viability in the microchannel.
To investigate the change of the temperature of the device, an infrared thermometer was used
to measure the temperature profile in the volume of the microchannel. Fig. 7 shows the temper-
ature profile as a function of the stimulus duration when the input power is held constant at 60
mW. The longest stimulus duration in this study is less than 1min and the temperature of the
device increases from 18.5°C to 19.2°C, which should have negligible adverse biological
effects on cells.

To further verify the noninvasive character of this technique, the Calcein AM/PI double-
staining was performed for quantitative analysis of the cell viability. Viable cells would exhibit
green fluorescence due to the conversion of Calcein AM to calcein by intracellular esterases.
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FIG. 6. Experimental data of the displacement at various ¢ and the fitting curve of the displacement (red line).
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FIG. 7. The surface temperature of the device varies as a function of time. The RF power was held constant at 60 mW.

On the other hand, dead cell would emit red fluorescence since PI binds to double-stranded
DNA by passing through disordered areas of dead cell membrane. The solution of cells was di-
vided into three groups. The first group of the cells was kept incubated further at 37° carbon
dioxide incubator (positive control). The second group of cells was infused into the

Cell Viability (%)

Positive Control LSAW Manipulation Negative Control

FIG. 8. Calcein AM/PI double staining assay to measure the cell viability. (a) Cells further cultured in the carbon dioxide
incubator (Positive Control); (b) Cells manipulated by phase-shift SLSAW for 2 min; (c) Cells heated at 65°C for 1 h (Neg-
ative Control); (d) Quantitative analysis of the cell viability in each group.
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microchannel, manipulated by acoustic radiation force (2min), and then collected at the output
channel. The cells in the third group were incubated at 65° for 1h (negative control). Fig. 8
shows the fluorescence image and the viability of the cells at different groups. In the first
group, almost entirely of cells exhibit green fluorescence and only a few cells emit red fluores-
cence [Fig. 8(a)]. A few dead cells may be attributed to the dissociation treatment with a
trypsin-EDTA solution. Fig. 8(b) shows the state of cells after acoustic manipulation. The bright
green fluorescence of the cells after manipulation does not differ significantly compared with
Fig. 8(a). As shown in Fig. 8(d), about 85% the cells maintain their viability after manipulation
for 2min at an applied power of 60 mW, suggesting that the acoustic manipulation does not
affect the viability of the cell. However, nearly all the cells in the third group emitted red fluo-
rescence since 98% the cells were dead [Figs. 8(c)-8(d)]. These results confirm that the acous-
tic manipulation based on phase-shift SLSAW is a noninvasive or minimum-invasive method.

IV. CONCLUSIONS

This paper demonstrates both the individual cell and multiple microbubbles can be trans-
ported by the linear translation of pressure nodes of the SLSAW, generated by the shift of rela-
tive phase between voltages applied to two IDTs. By varying the relative phase, the single cell
and microbubbles could be transported precisely to the target location in the microchannel. We
have shown that there is a fairly good linear relationship between the displacement and the
phase difference between the electric voltages applied to the two IDTs. Furthermore, this
phase-shift device based on SLSAW is fabricated through the standard MEMS processes, facili-
tating miniaturization and mass production at considerably lower costs. We strongly believe
that in the near future, the SAW based microsystems could be widely applied as general multi-
purpose tools for a variety of cell analysis tasks.
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